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Ttacer Experiment Results During the Lcmg-TermFlow Test of
the Fenton Hill Reservoir

Nelson E. V. Rodrigues Bruce A. Robinson, and Dale A. Counce

CSM Aaeociates Los Alamos National Amratoty

Flosemanowes, Penryn, Cornwall Earth and Environmental Sciences Division

TRIG 9DU, U, K. Los Alamos, New Mexico, 87545

Abstract

Three chemical tracer experiments and one exknded injec-
tion of fluid low in concentration of dissolved species have

been carried out during the Long Tkrm Flow Test (LTfT) of
the Fenton Hill Hot Drv Rock fHDR) tweswoir. The tracer. .
testsresults illustrate the dynamic nature of the flow system,
with more fluid traveling through longer residence time

paths as heat is extracted. The total fracture volumes calcu-
lated from these tests sJlow us to determine the fate of unte-

covemd injection fluid. exnmine the pressure-dependence of

thcturc volume, and, through a comparison to the hydraulic
perfcmnsnce, postulate a model for tbe nature of the pressure

drops through the system. The Fresh Water Fhssh WWF) test
showed that while no dissolved specie behavior is truly con-

servative (no sources or sinks), several breakthrough curves
are well explained with a pore fluid displacement model,

Other dissolved components m clearly influenced by disw
Iutitrn or precipitation reactions. Finally, the transient

response of the chemistry during the 13VF m stnincrease in
production well pressure showed that some fractures ctm-

necmd to the production well preferentially open when pres-

stur is raised.

Introduction

The HDR concept has been under investigation at Los Alit.

rrws since the early 1970’sat the Fenton }{111site. The sik is
located on the west flunk of the Vislles Cak!crrt in the Jemez

Mountains rrf northern New Mexicrr, On April I (), 1992a

Long Term Flow T&it (1.TFT) wits initiutcd with the objec-

tive of demonstrating that heat can be extracted from the rev

ervoir for a sustained pericd of tnnc without produced fluid

tempertmm decline, The opemtional god was to muinttiin

continuous circulation for a period of one to two years,

However, technical pmhltvm occumed which ncmwittsted n

shut down at the beginning of August to replace the high

prwmsrc injtxtitrn pumps, Injection resumed on August 14,

and production resumed on the 19th, though al somcwhnt
lower flow mtes thrtnduring the period April 10- July 30,

During this phase of the 1.TFT, Ihme tmccr tests hn’c been

performed u$ing p-mluenesulphortic ucid (p-1’SA) ttml
sodium fluorwcei,l, TM flurwewrin tsppssrwttlyundcnvcnt

some thcrmul dcgrtsthtirsn in the mw-voit. The mwslts dis.

cwwed here arc only for p-TSA tracer Iew rt~ these were
inerr or ctmsewstlivc tracer tests, A summary of test dsttrs

and tmcer in~tion ntuwm is provided in Wthk 1.

TABLE 1, Summary of pTS.A tracer tests,

tmt date mass of tracer injected
fist May 1U, 1992 162.1 g

second July 7, 1992 181.1 g

third Sept I, 1992 181.lg
—— —.—

T-er tests in FfDR systems am invariably pulse inputs of a

large mass of tracer over a short period of time, However. a

step input of a tmcer can be simulated in a Fresh Water Flush

(FWF) test, in whit+ the following steps am carried out: I)
the system is circulated in closed-loop until quasi-eq:jilib-
rium is machsd with respect to dissolved species in the pm

duced water, 2) circulation is sudcknly changed to open-loop
with the injection of “fresh watef’ horn a smsmeof fluid low
in concenmstiorr of dissolved species; and 3) the concenmt-

tion versus time of dissolved species is measured in the pro-

duced fluid. Then, the outlet concentration since the

beginning of open-loop circulation can be interpreted as a

step tracer test. If a dissolved specie is not pmducd or ctm-

sumed by any source or sink mechanism, then its khi{~lor
can be predicted from the tracer response curve. Any dcviti-

tions from this predicted bchnvior is then evidence of it
source or sink within the reservoir.

Durir,g the long term circulation test at Fenton Hill one FWF

test was conducted essentially simultaneously with the p-
TSA tracer test of September 1, The test lasted about 160

hours, during which time frwh water from a domestic watet

well was injected while the pmdliced fluid wits vented tcm-
pomrily to a stttmgc pond. The present study summarim the

tracer tests itnd thix FWF IC$I, compwing the two to draw

inferences about the mtturc of flow and Ihc s~mrcc of dis.

solved species in the cinathttinfi fluid.

Analysl$ of tracw dats

The following nmslyses of the tracer dutn arc prcwntcd

below:

w calculutitm of the external nmf intemitl msidcncr time

ttistrittution~ (f(r) and ~(l) respectively, c g Rotsinum

and ‘Ikstcr, I W16);

a tsrtsslysisof reservoir conditi(ms during the three Ir\I\ I(I

mfcr po~sihlc chtrn~cs in rcsmvnir flow pnttcmq

throughout this pcricd;

● comparison of”the vurmtinn of Ihc intc~rnl mean v~d

urnr with the “wntm low”: und



● under the assumption of a simplified geometry, analysis

of the vanaticm in vohsmc and area of reservoir with

time.

Figure 1 shows the experimentally determined tmcer break-
through curves for the three tracer tests. To interpret these

results quantitatively, we define the following functions.
First, f(t)dt is the fraction of particles in the exit stream
with residence time between t and t+dt, and is given by

f(t) = qC(t)/~, whert q is the mass flow rate of fluid and

mp is the mass of tracer injected. Then, X(t)dt .s !he frac-

tion of particles inside the system tha! will eventually
have a residence time between t and t+dt, and is equal to

tf(t)/~, where T is the mean residence time, computed
from a first-moment integration of f(t).

When we plot the cumulative distributions of these two
functions (F(t) is the cumulative distribution for f(t) and

X(t), also known as the intcmal residence time distribution
(RTD), is the cumulative distribution of X(t)) against one

another, wc obtain a quantitative picrure of the nature of the
flow paths within the mervoir. Figure 2 is such a plot for the

three tracer tests, Plotting [he data in this way shows, for

example, that in the first two tracer tests, the 50% of the
injected fluid that is maveling fastest sweeps through only

12% of the internal fluid volume of the rwervoir (obtirincd

from the point on the curve at 0.5, (), 12). Thus, although

there is a tendency for fluid to slmrl circuit dirrctly between

Ihe wells. a significant percentage of the fluid sweeps
through a very large volume.

Note At) that the total fluid volume (compmcd as the nrcan

residence time times vcrlumetric flow rate) incrtased during
operation at consurm flow conditions between the first itml

second tests (Tublc 2), There is a shift to longer residcncc

times, with fluid possibly circ Atting through n grrawr num-

kcr of flow paths. The tthemative mrrdel is thitt IIW mcmtsed

fluid flow volume is simply duc to some additionid dililli(m

of existing flow ptiths, without rsccessing additional rock, It

IS it]tpossiblc to distingltish Iwwecn the mtxlcls. although

we note th~[ curves for the firsI two tracer tests in Figure 2

are almost identicf!l despite the shift to longer rcsidtnue
tunes itnd lisrgcr fluid volumc~, Tins might suggest thilt the

existing tl}w paths arr mom diluted with no change in the
flow distribution thrnugh the rtsck muw,

Iihc thlnl tc~t wtis conttuctcd at lnwcr flow nttcs uml pres

sure!, SUNIthe mwltirtg totu! fructurc volurm WIN conWer-

utrly lower, Furthermore. Fi~tsrc 2 indicntcs th,it My ~iven
fruction of Ihc injected fhsitl trrtvcls through :~grtutcr frucmm

nf “!tc totill volume in the third [cst than in the pmviout two

ICSIS,(h~r explnnutimr is thut at h)wer premtsms, some joints
thm prwiowdy cortductai fluid no longer am npcn enough to

do sn Thus the joints thnt continue to transmit fluid httvc
smtiller volume, nnd fluid docx not pcrcohste as readily

through Ihc It}ng. rcsldence. time, tnrtuous flow paths
(’ircumr txwk volumr~ urc rtlmost certainly ncccwml m the

higher prwsurc lwnditrorrs,

Aru)thct iwue thot IIUYintwewed 111JR rvwuruhcr~ ftw ninny

ycm is the Iwc {)( ttw irl,~~md fluid IIMI Is n{)l rcuwrrcd ut

the pr(rdu(ti,m WCII ‘Ilww trncrr mwOs fh~!w tlIiII during

steady flow opration between the first and second tests, the

volume of “active flow paths” (those that transmit fluid

between the wells) increased by 520 m3, compared ttra told

fluid consumption of 3400 m3 during the same period. Thus,

during this test about 16% of the “water loss” actually
resulted in increased volume of active flow paths, with the

rcmeining fluid probably diffusing into rock between the
fiacturcs w at rhc boundary of the fractured rmemou.

FIGURE 1. Normalized tracer breakthrough curves
for the p-TSA experiments.
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Integral Varlatlon
lost Moan Volurna In voluma
First 2246 ml

Second 276{, rn~ +520 m’

Third 2044 m’ .722 ,1,{
. . .

FIGURE 2. Internal volume traction versus fluid
flow fractmn for the three tracer tests
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comcsponding a$sumpootls usaf for the calculation arc: I)

fbwvcJocisy baarxfsnlrhc known diSsanocbctwecE tkwclls
andarmasutul rrsnsil sirmbaacdon tktiarrivalofsk

-,2)rmanjoint s@sgof20m basdcxrlhcbtsrans-
fcr study of Robinson and Knsger (1992): 3) rock volunw

dinwnsiom of 150 h SOx 240 m cut by a three-cfirrmsionsd
amsy of evenly spw+ tins; srsd4) Staccr-dclctmincd

total fracture volume of 2246 m’ (first tracer tcsl). The
resulting apertures obtained are summarized in Table 3

Mow.

TABLE 3, Estimates of pint ~rfures,

afmlurs (m) rttsrsncs
2.1*]O4 cubic law apmure (Snow, 1969)

3.O*1O5 friction law aperture (Alxlin et al.. 1987)
2,0*lo-5 radial flow (bvihcrapoon c1 al., 19HO)
5,2*lfy~ storagetsfmture

The first th~ ap- values are ~calld hydraulic apr-

wres, bawd only on lk pressure drop across the mscmoir

and as!usrmd fkK~ ad flow’ -ters withmt consickr-

ation of the mnccr-dcwrnincd fracture volume, Crsntrast

these values with the stomge tspsnure, the value obtained
using the ttml fracture volume and the assumed fracture

geometry. The scmal storage volurtw in the jriin:s is much

larger than would be suggested based on the prcwusm drop

through tk resewoir. Even assuming a larger rew-vt)ir and
cbser fracNre Sp8Cing, k kWgCdiscrepsrwy remains. This

msuh is very typical of flow through fmctum rock, and is

thought 10 lx due 10 the fact thal the hydmulic uperrurc is

dominaled by flow constrictions (srnrdl a~rtures) Ihttl the

fluid is fmmd m traverw, By contrast, the storage isprurc is

a struighl average of all apertures encmmtwed by ffowinF

fluid. Conceptually, the hydraulic ~ywem in the reservoir is

(me of huge ~msre drops thruugh wwm crucinl frwturrs nr
~icms of frwxurcs of wnsll a~rrure, with fluid expcricnc-

Ing ulrntsw no pwwure drrsp through lhs large qwturc fntc-

furts !hst[wmtribute mat 10 the fluid stomge volurm.

Fresh Water Flush (~F) Test

Since the concentration of almost all dissolved spccirs is
Iovmr in the frwh water than in IIU circululing Fluid during a

FWI’ expirtml, drc rmulls arc analyrrd us a nf’~ulivd slcp

Irdcrr IF.*L ittd dw washout funclittfr, W(l), can he dircclly

cUICUIM4 frtxn Ihe following expmwi(rn:

(1)

whett C(I) i* the msllel Ctmcent.mi[rn al Ilnm L (7, In Ilu ctm-
ccnrrdon of the Injecmd ffuitl, md Ctl Is inilhtl pntducrd
fluid corttwmwkm m Sk Iqirrnlng of Ilw FWI’,

8 a constanl source of tk S-C m the fcmn of inchge-

swss pcuc fluid of high msrrccnrrasion that is swept into
IhC prOdULX%d fltkf ~ SWW flOW pa[hs am S+CCWCd;

~ @uCfim os consumption of the spcie via rock-water
intctacdons in he reservoir. Sonm possible prrxessm

am dissolution of minerals, ion exchan~e, or interaction
wish pme fluid. In each case the results can bc analyzed
assuming a source or sink of thes~ie;

a reversible adsap[iorr of he sptcie onto the rmk sur-
face. Here dw specie is delayed compared m one that

does nor undergo srmpsion.

Since it will Lu shown that many species apwar to have a
source in shercsemcir, we ckveksp a rmhml fm interpreting

sk data in the presence of a source. Assuming a conslant

source of SOIUIC, the dimensionless concerrmslion rnsy be
obwinedfmm arcviAfomn of Eqn. (1):

(c’(l) - c,) (2)
c = T’r’r~~

whm C(I) = C(r) + C$,Co’= Co + C~,and C,t is tk source

concwrrmirm.

Using Ihtse cquarions, the source c(manwalicm can lx cal

cubed as follows:

~ , ((”’(1) -c, -w(lln(c, -c,))
—— . -—, — .—8 l-u(l) (3)

lltis value is actually a Weighmcf source crmcwrtswion, quul

m tk actual crmcenrnttirm of dK mkkl fluid (sssurncd m be
pwe fluid in Ibis diwussitm) Iinws the mtio of ftw pm fluid

flow ralc m the mud flow ruw, If Ihe source of solufc is

irukd frtwn pm tfuitl, then u rrwss bahtrwe yickls:

q x (’,,’ = q,, w[”” ~ V,rn(”, (s)

where qp is the mass flow rate nf pm fluid, ~ is the clm-

tcenlrmion of the pxe fluid, und q = q{, + q, Ch wlimng the
value of 4P uml using Eqn, (2), the following relalion is

Ohrlsined:

(t))

During Ihc WI’ test, hemirid unalysr> were ma4k of Ihr

following dlssolvcd qmrics: Al, A!, B, Br. Cn. Cl, F, Iv.
}lCOy Li, Mg, Na, N(_)l, R)J, Si, S04, Sr, and ll~i)l Ilii

Wh’d solids C1-Ds).

W, analyze the ~sl, tk wit~houl funclirm W(t) fur the p.TSA

rmer kst wm firs! tklvcd fmm nn mrgnstim of the IYI’SA

rrxnr qnmse CUNC. Then, the washwl rtqrsmse of cnch
sfscdc was mllpulrd using 1:411,( I), with (., olwrnhwdfrom

n ckmhl analysis of Ihc Injrtlml fresh warcr nnd (“,, &srr
mined from tin avtragr of all cmwcntmtitms nwawed dur

Ing Ihe 15 hours heforc hrrnklhrough of Ihr frrth wnlrr
lvnlurs for ~,, am Ilslcd III I):ilk d), I?w rwqtnnwrn of Ihr

lm’er.dclrnninrd wash{nll functi{m with Ihr diwdvcd SF
tics N, k, (1, K, Ii, Nu, Sodl, % itnd “11)S am Prrwnuxl m

I:igums ~ to 5 nnd dlwmsrd lmkvu.
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A Uuly amcnmtive Ipccics wadd hwx t conccnmtian-
rimluplmcokidem withw(l) *mldd fkm ●-
cxprirmw As shownin thx figum~ nom of the apccics
tnslyzcdbchxvatu a truly cmrscmmiwtmccr.In mmy
cases,tk &vimicm of the dinmsionlcm conccntrxticm
curvesfrom the irmcer-dctcnninedW(t) curve csn be
xxptxinedwwning mcatstumsome of thespcic. Using
thenmhcrnxdcxlrkwlqmnt outlinedalmvc,the mum
cmmmxdm ~ h E, Br,Cl H, N& K. S04, Srhave-n
atcuki: thercmIIMmcgiwn inlhbk 5.

TABLE 4, Initial Concantrstions ~ ~ tha s&arlof
the FWF (pPm)

BBr Cl KUNa

46.7 6.7 1371 I(M 17.4 1107

Bo4Br T.D.S,

398 0!91 3947—.

FGURE 3, Dimanalonleasmncantrations of B, Br,
and Cl tiring tha FWF———
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TABLE 5. Calculated avara~ aourw

D

wncantrations (ppm). . ... . .-.-,., . . . . .. . . . . . .

B Br Cl U Na K

11!7 1,5 273,7 6,0 423,4 3Ktl

B04 & TDS

Ifl$!i -(). IX 1310
.-. — . . . . . . .-

Of the species Iiml in Ilw ta’dc, the ndgln nf l~mm and

chkk h slnmxtcenainly~ tluid, kcmusc hem xm m}
mlrurxls in the Innl nick thu cnn k ●mm frw Ilww dr-

merm (c, g, larwy et d, tWtl ), Using u the wmphkm (II
the~ fluidIk wlnqulxhilxld LkwnhnkUnpk dcvd
o~d durlnp the develwwnrnt of HE-2 iTmhlc h, frnm
mlgdly ct d, IWW), tk tipflnldmm Crmlrilnllknlof pm
fhld kl Ik fmnhmd hv can h cdmdxwd. Ttm r?whs rm

wcrxl of NW spdcs, In Ihr form of lwnxm of Ihr omlrl
fluw thtit was drtivml Ihnn Fxc fluid, INgivru in “Ihhk 7,
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TABLE 6. Approximate Pore Fluld Compositionin
wm (Grfaaby et al, 1989)

cot’wc-
pH tMty(uS) SJ@ ~ K LI Ca

6.46 18000 435 3310 401 76. I 94.0

MgB S04 c1 HCOg F Br
3.0 178.0 64 5870 692 6,1 42.3

TABLE 7. Percent pora fluid ~tirlbution in the

produoad fluid If pore ftuld is the cnly
source of the spade

—.

B Br Cl LI Ha K 004
7458139 n.,s,

n.a = not applicabk.

From the mwslts of B, Br, ad Cl, w csmchsk that the ~
fluid flow rate is approximately 4-7%. l_k nnaining cal-
ionic spcies in the table probably arc influenced by rtrck-
watcr imcractions in addj[ion 10 post fluid addition. For

example. Na could ~ ddccl to W piufuccd fluid by dis~
Iution of fcldspars, and Li may undergo an ion exchange
rcsction in which it is libemhzzf from lhc mck in exchange

fm Ca.

Sevcrsd other diwchcd spcies, swh aw Si, F, Mg. and Ca,

exhibited behavior that can not be explained using a pore

fluid mxxkl or a slight ckviadctn fsun such II rrdcl, The eas-

iest of these m interpret is dissolved Si, which &clincd in

ccsncenrratinrsnrsly very slightly during the FIVF (cbwn to a

din’mssionkss cascentmsion of only about 0.95), llw quartz

gcorhcmnnrrmer during steady wale ofmatim agrees with
dIC known rcrk tcmpcnwurc in the rc~moir, TIK nearly cors-

stam conccrrmsdan during the RVF suggcsl.qthal in this sys-

tem lhc fluid has sufficient k to come m cquilitium with
mspct to quan.z in one pmw hcsugh she reservoir, This is in

COSIEW to he Fenton Hill Phase I re-oir, showed very lit-
tle w[ive dissolution of quaru during n FWF (Grigshy und

Tcsscr, 1989), The difference in tempxure (2400C versus

2(VC) in the two rescrvrsh is appnremly mflicicnt m cause

this difference in gcochcmicsd ~havinr,

Ilc luhavior of ftuorirw wus unique in Ihul i! isrcreuwd in

cnrrccnsralitm dwing the SCSI,horn ahtin 13 ppm m 15 ppm

(Figurt 6)1 The corscentmlksn of flunrine in the pm fluid
Wm 6,1 ppm ~bk 6), Assuming Ihnt lhl~ was the concen-

trali[m of fluorine in the pm fluid, then this indicates lhr

existence nf arm!hcr source of tlunrinc in additinir to pore
tluid. Ths excess of fluorine may be due to dlmolu!i~m of

Kmu mlncral pe~nl In Ilw host suck (fw Irsstanm mica, ffu-

mhc, m ftwxspatite)o

Flndly, CD and Mg exhibited ● dccmme In comerrtrmitm

despite Ihc fuci Iha[ Ihc corwcntmirm In Ihc !njrmxf waler
WM gwatrr thsm the Initial wncentrwi[m nf Ike spcics in

the ptxsduclion fluid. The mosl probuhle cxplnrialion for

Ihcsc rcxulls is Ihc pmrlpllsstkm of most nf Itsc irr@tcd cnl.

dissolved ~ ccmcentrmiorro is being injected. When this
fluid mdscs tfm scmoir, il mixes with fluid ofcmskkmbk

dissolved ~ cmsxrsrzatim, tkscby creating a targc driv-
ing force for deposition of Cn in the reservoir. Figure 7

shows k rctutts of cakufsisicms for calcium assuming fow
“apparcm” injection conccrstmdass (O. 2.5 and 5 ppn, cun-
pslcdrothc acnltsJinjcdcmcclnccntralionof 92ppm)fc Rarr
initial ousputcmcemtsation ot .9 pprn Note the similarity of

these ewes m thoac of other dissolved spcics. This analy-

sis suggests that the cffeclive injection corsccmmticm of Ca
after the initial @osirion takes pkce is low. and Ihal Ca

tehavcs like mkr dissotvcd sf.Ec&I thcmsfrcr.

FWF Ra8ults Durlna Productluft Well Pressure
Incroaae

Rmsghly 92 houm after the start of the IWF, [he fluid injcc-

timr pump failed scsnpmdy, bting to a scqucrwc of events
that affccti Osesubscqucm geochemical behavior. When

tk injection shutdown occumcd, she conrrol system auto-
matically incrcmcd she prmhtcticm WCII pressure to cut hsck

cm Ihc prlductioss flow rate.

l“k Uaditional rrwlhd fm examining the effect of pressure
and flow mtc changes 0sshydraulic ~omsmc is so com-
pusc the impdenct, *kd as the pcssurc drop divkkxf hy

pducrion flow mtc. Defined in this way, Ihc impxkrcc is

invcrxcly pmpcsrsiomslto the hydraulic comhmivily of Ihc

rcwrvoir, Figure t7shows [he calculated impedance along

with ihc pmductim pressure during the WE The decrease

m imfmdrmm uxornparsying tk incrcaw in pmducrion pms-

surc is thnught to be a resuh of fractwes rwar du pducsion

well tccoming rm-wcdilated at [kc higlwr pressure.

FIGURE 7. Dimensionless concentrationfor
calcium during the FWF for different
“apparent”Injectionconcantratlons..—.—.—-———.— ..— ——.—— ——.— ——- .-
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FIGURE 8. Calculated impedance and production
well pressure during the FWF.
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The pressure change also rcsult;d in a short-term transient

change in the chemistry of the produced fluid, as shown in
Figure 9, which compares the production pressure to the
fluid conductivity measurements at the surface. Increases in

the pressure result in decreases in the conductivity, while
subsquent decreases in pressure result in an increase to the

previous conductivity level. This behavior suggeststhat dur-

ing the f3VF, the pressure rise and accompan ying joint open-

ing causes relatively fresh water 10 surge into the production

well.

The &lay tirtw between (he prsxsure change and subsequent

conductivity change represents the transit time for a parcel

of fluid to trmwl up the wellbore This information allows us

to pinfxsint which fractures connected to sheproduction well
am opening during this pressure transient. Tstble fl lists the
specific pressutr and conductivity changes numbered on Ihe

figure Using a temperature log nwasu~ in the well during

production, the varitstion of the density of Ihc fluid wilh

deplh wus calculated as a function of temperwure and pres-
sure. Then, the average tstsveltime for a parcel of fluid from

it given dcplh to the surf’acc wus compu[ed The transit time
from a given depth is i!sclf time dependent, since the flow

rate was changing during the time of this anidysis. Figust 10
represents the transit time for parcels of fluid cnlering the

WCII tiI diffcrcm dcpttrw.Depths chosen for the curves reprt-
sent the depths of spccifw fluid entry positi(ms identified

from [hc leml-trutum logs, The points tire tt,e tmnsit times
for the six transients identified in the fluid conductivity diitu,

clearly, the uppermosI fractures along the wellfwe ( 10770”

mtd I I050 ft) are preferentially opening, a;xf furtherrnorc,

brctskthrough of fresh water hiis occurred before 90 hr in
these joints. However, it cannot be concluded that joints

lower in the reservoir am not afso under~oirrg this ~hitvi(~,
since this mc!hod can only be used to pinpoint Ihe uppcr-

mosl joinls thit[ iirc opcnirrg, Noncthclcs$, two important

conclusions cun he guincd from thi~ tsnulysix i;irst, thw+c

upi)ermosI joint~ cxpcritmcc breakthrough (!f fluid within

might be short-circuiting flow paths that are responsible for

tie early residence times of the tracer breakthrough curve.
Although this may stilf be the case, breakthrough also cccuts

fairly early in these upper joints. This implies that fluid
sweep through the reservoir is fairly tsniform. Second,
increasing the pmdoctiorr well pressure preferentially opens
the upper joints, rather than simply dilating joints lower in

the well, which are of most corsccm from [he standpoint of
thesmal cooldown. ‘lltus, high production well pressuredoes

nor appsar to result in increased flow short-circuiting and

concomitant sapid them! derline.

FIGIJRE 9. Pressure and fluid conductivity during
the episode of increasing production
well pressure. The numbers
correspond to the transients identif@d
in Table 8.
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FIGURE 10. Calculated wellbore transit times from
various depths to the surlace. The
points are the measured lag times
given in Table 8,
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TABLE 8. limes of the Pressure and conductivity
transients and lag time for displacing
fluid in the wellbore (all times in hours).

pressure Conductivity Time
Point Time Time Diflerenee
1 92.43 97.8 5.37

2 96.55 101.25 4.70

3 96.90 101.40 4.50

4 97.52 101.84 4.32

5 97.89 102.20 4,31

6 98.54 102.50 3.96

Discussion and Conclusions

The three tracer experiments carried out during the LTFT

have shown that the reservoir is undergoing dynamic
changes during long-term heat extraction. During the 50 day
pericd between the first and second tests, the Ouid transit

time in the reservoir increwxi rnarkcdiy for the shortestresi-
dence time flow paths, This result in~~zlidates the theory

often raised in criticism of the l-EIR concept that heat cxaac -

rion will result in the preferential opening of a short-circuit-
ing path due to thctmai contraction of the rock. The trend is

in the opposite direction, toward a more uniform sweep of

fluid through the rcxk mass. A similar phenomenon was

obsemd in the Fenton Hill Phase I reservoir (e. g. Robinson

and Tester, 1984).

The water consumed during iong-tetm operation can, based
on the measured total fracture volume, be apportioned

between fluid that expands the vohvrse of active fluid flow
paths and fluid that seeps from the boundan’es of the reser-
voir or into the rock blocks within the reservoir, A calculis-

tion based on the tracer rtxuits shows that 1fr’% o!’ the wa;er

loss is actually expansion of the active reservoir w)lume,

The active f~JCIUK ff(7W VO]USTIC is also pressurwdependent:

the fracture volume at a lower flow late and pfcssum lRSillt~

in a lower fracture volume and more dsrcct flow chitnneling

between the wells.

Another usc of the fracture volume measurements is to

determine the nuture of the pressure drop through the reser-

voir, The storage aperture dctcmrrined from Wdcer meastsre -

ments is at Icisst tin order of mttgnitude Iitrger than the

hydraulic tipetture measured from prrssure drop and flow
rale, This rewlt is very common in studies of flow through
fmcturd rock (e, g, Long and Bi]iaux, 19117,Cilhiw, 19W,

Robinson, 19ttS), and is iikely due to Iargc kwal pressure

rirwps where fluitf is constricted to flow through regions of

smidl itperture. In this fractuw ne[work. there may & joints

oriefitcd unfavorably with respect to the prevailing earth
stresses, These joints could dominate the presusre drop
through the mwmwir, while other, more ofm join[s account

for most of the fluid stmstgc,

The FWl~ expcrimertt ot’fercd a unique opportunity to

cxi>i{ve the origins of certuin dlssoived species in the circu-
iting fluid ttnd to ohutin I’tmher inftmntitinn i\hout the flow

puttcrns in the reservoir No sptxir Isehavcd n! w~wld hc

source of the dissolved specie, postulated to be pore fluid

(after Origsby et al, 1989) is ntxded to explain the t!chaviot
of components such as Cl, B, and Br, which arc not presem
in thereek minerals in sufficient quantities to lx produced
via dissolution or ion exchange reactions. The calculated

fraction of pore fluid in the produced fluid is 4-7’%. This
result agms qualitatively with the conceptual model of bolh

directand 10ng-resi&rte4me flow pitdts between the wells.
The longer, more tortuous flow paths must be sweeping

through a very large volume of reck since they are still
entraining a significant amount of fluid that ww in the rock

mass before exploitation. These paths are probabiy continu-
ously being accessed during heat extraction, and the pore

fluid that originally resided in the fractures is continuously
swept into the flowing fluid that reaches the pmductirm well.

Other dissolved species ccmccntrations are influenced by
rock-water interactions over the time scale of the FWF.

These include Si (governed by quartz dissolution), C’a
(which probably precipitated near the injection well dus%sg

the FWF), and Na, which appears to have a source term in

addition to pore fluid displacement. Feldspar dissolution is a
likely additional source mechanism for Na.

Finally, the preferential opening of fractures near the produc-

tion well wa!! observed in bnth the hydraulic arrd geochemi-

cal data during the FWF. We were able tn pinpoint the

uppermost fracturts that exhibited this behavior. They were
the shallowest ffuid entry points in the open hole, suggesting

that operating at high production well pressure does not
rncreiy open the joints in closest proximity to the injr~tion

rtgirm. as might be fcartd. Also, the fact that these upper-
most joints had aiready experienced breakthrough of fresh

water after 90 hr shows ttiat the flow through the rock

between the WMS is fairly evenly disrnbuted
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